C
hagas disease, a neglected disease caused by Trypanosoma cruzi, remains a serious public health problem and affects about 10 million people in Latin America (1) . During the chronic phase, most patients remain in the asymptomatic clinical form (indeterminate), which can last their whole lifetimes. However, about 20 to 30% of the patients develop the cardiac form of the disease, which can be complicated by cardiac arrhythmias, heart failure, stroke, and sudden death (2, 3) . Chagas heart disease is characterized by intense myocarditis of an inflammatory nature with a progressive fibrotic process affecting the myocardium of both ventricles, which leads to myocardial remodeling, interstitial fibrosis, and changes in the extracellular matrix (ECM) (4) (5) (6) . The ECM remodeling is regulated by proteolytic enzymes, such as matrix metalloproteinases (MMPs) (7) .
MMPs are important enzymes that participate in many physiological and pathological conditions by degrading ECM molecules (e.g., collagen, laminin, and fibronectin) and by releasing cryptic epitopes from the ECM (7) (8) (9) (10) (11) . However, these enzymes have a spectrum of biological functions and also act on several biomolecules, including cytokines, hormones, and chemokines (7, 8) .
Among the MMPs, MMP-2 and MMP-9 are well known for their involvement in the pathogenesis of a wide spectrum of cardiovascular disorders (9, 10, (12) (13) (14) (15) (16) and are able to degrade all components of the heart matrix, contributing to the ECM remodeling that occurs with progressive ventricular dilatation (12) (13) (14) .
The participation of MMP-2 and MMP-9 has been studied in experimental T. cruzi infection. Gutierrez et al. (17) showed in experimental T. cruzi infection that the inhibition of MMP-2 and MMP-9 decreased inflammation and improved the prognosis of the infected animals. However, the involvement of MMPs in human Chagas disease has not yet been explored. In this study, we showed for the first time that MMP-2 and MMP-9, as well as interleukin 1␤ (IL-1␤) and tumor necrosis factor alpha (TNF-␣), may be differentially involved in cardiac remodeling in patients with the indeterminate and cardiac forms of Chagas disease.
MATERIALS AND METHODS
Study population. The patients with Chagas disease who agreed to participate in this study were identified and selected at the Referral Outpatient Center for Chagas Disease at the Clinical Hospital of the Federal University of Minas Gerais (UFMG), Minas Gerais, Brazil, and at Evandro Chagas Clinical Research Institute (IPEC) at Fundação Oswaldo Cruz-Rio de Janeiro (FIOCRUZ-RJ), Rio de Janeiro, Brazil. Patients who consented to participate in this study were enrolled in a prospective cohort study initiated 15 years ago as previously described (18) . The patients were grouped as indeterminate (IND) and cardiac (CARD) patients, as previ-ously reported (5, 6 Serum MMP-2 and MMP-9 measurement. Ten milliliters of peripheral blood was collected without anticoagulant for serum separation. MMP-2 and MMP-9 concentrations were determined using a Milliplex Kit (Lifescience) with Luminex xMAP technology. The assay was performed according to the manufacturer's instructions at a serum dilution of 1:20. Briefly, the methodology uses digital signal processing capable of classifying polystyrene beads (microspheres) dyed with distinct proportions of two fluorophores. A fluorescent Streptavidin-phycoerythrin (PE)-conjugated antibody is added for the identification of MMP concentrations by their mean fluorescence intensity (MFI). The results are expressed in nanograms per milliliter.
Gelatin zymography. MMP-2 and MMP-9 were examined by gelatin zymography of serum samples. Forty micrograms of protein from serum were electrophoresed through a 12% polyacrylamide gel copolymerized with gelatin (1 mg/ml; type A from porcine skin; Sigma). After electrophoresis, the gels were washed with 2.5% Triton X-100 diluted in 50 mM Tris, pH 7.5, and incubated overnight at 37°C in 50 mM Tris and 10 mM CaCl 2 solution. Staining was performed using Coomassie brilliant blue (R-250; Bio-Rad), and the gels were destained using specific solution (250 ml ethanol, 80 ml acetic acid). Clear gelatinolytic bands on a uniform blue background were measured by densitometry with the image analyzer GS-800 Calibrated Densitometer (Bio-Rad). Band intensities were quantified using Quantity One software.
Flow cytometric analysis of peripheral blood. Whole blood was collected in Vacutainer tubes containing EDTA (Becton, Dickinson, USA), and 100-l samples were mixed in tubes with 2 l of undiluted monoclonal antibodies conjugated with fluorescein isothiocyanate (FITC), PE, peridinin chlorophyll protein complex (PerCP), or allophycocyanin (APC) for the following molecules: CD14 (M⌽P9), CD8 (HIT8a), CD8 (SK1), and CD4 (RPA-T4) (BD Pharmingen USA). Antibodies were added, and the cells were incubated and washed after erythrocyte lysis. The cells were then permeabilized and incubated with monoclonal antibodies against MMP-2 (1A10) or MMP-9 (56129) (R&D Systems, USA) conjugated with PE or FITC, respectively. After incubation, the cells were fixed, and phenotypic analyses were performed by flow cytometry using a Becton, Dickinson FACSCalibur cytometer. The analyses were performed using FlowJo software (Treestar, USA), gating 7 ϫ 10 4 cells according to their forward and side scatter properties. Specific gating strategies were used to select the lymphocyte and monocyte populations, as previously described (19) .
Detection of cytokine and chemokine levels in sera with a CBA. The Cytometric Bead Array (CBA) immunoassay kit (BD Biosciences, USA) was used for TNF-␣ and IL-1␤ measurements as recommended by the manufacturer and as previously described (18, 20) . Data were acquired in a FACSCalibur flow cytometer (Becton, Dickinson), and the analyses were performed using CBA software (Becton, Dickinson). The results were expressed in picograms per milliliter.
Primary cardiac cell cultures and cardiac spheroid serum treatment.
Swiss Webster mice were obtained from CECAL-FIOCRUZ. They were bred and manipulated according to approved recommendations of the FIOCRUZ Ethics Committee for Animal Use (CEUA-FIOCRUZ protocol 232/04). The hearts of 18-day-old mouse embryos were subjected to enzymatic dissociation using 0.05% trypsin and 0.01% collagenase in phosphate-buffered saline (PBS) (pH 7.2) at 37°C, as previously described (21) . To allow formation of cardiac spheroids (three-dimensional [3D] microtissues), 2.5 ϫ 10 4 cardiomyocytes were plated in agarose-coated 96-U-well plastic plates as described previously (22) . After 1 week of culture, the 3D microtissues were incubated in Dulbecco's modified Eagle's medium (DMEM) containing 5% sera from patients with Chagas disease or noninfected individuals in a 24-well plate. The cultures were maintained at 37°C, 5% CO 2 for 72 h.
Immunoblotting. The immunoblotting technique was performed as previously described (23, 24) . Briefly, after serum treatment, cardiac spheroids were washed, lysed in radioimmunoprecipitation assay buffer [50 mM Tris-HCl, 150 mM NaCl, 1% Triton X-100, 1 mM ethylene glycol-bis-(␤-amino-ethyl ether)N,N,N=,N=-tetra-acetic acid, pH 8.0, and protease inhibitor cocktail (Sigma)], and sonicated, and the protein concentration was measured using the RC-DC protein quantification kit (Bio-Rad). Proteins in the lysates (10 g/lane) were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (12%), followed by transfer and incubation with specific antibodies. The antibodies used were anti-MMP-2 (1:1,000), anti-MMP-9 (1:1,000), anti-laminin (1:1,000), anti-fibronectin (1:5,000), and anti-connexin 43 (1:10,000), all from Sigma, and rabbit polyclonal anti-collagen type 1 (1:5,000) from Novatec. After incubation with a secondary goat anti-rabbit-horseradish peroxidase (HRP) IgG and secondary goat anti-mouse-HRP IgG antibody (Pierce Thermo Scientific), the membranes were washed and incubated with a Super Signal West Pro chemiluminescence kit (Pierce Biotechnology) and exposed to X-ray film. The films were scanned, and protein quantification was performed with Quantity One software. Western blot results were normalized by values of GAPDH (glyceraldehyde-3-phosphate dehydrogenase) for each sample in the same gel.
Statistical analysis. Statistical analyses were performed using GraphPad Prism version 5.0 software (San Diego, CA, USA). The following nonparametric tests were performed: the Mann-Whitney test when comparing two groups and the Kruskal-Wallis test followed by Dunn's post hoc analysis test when comparing three or more groups. Correlation analyses were done using Pearson's correlation coefficient (JMP software; SAS). In all cases, significance was considered to be a P value of Յ0.05.
RESULTS
Serum levels of MMP-9 are associated with the severity of Chagas disease. Several studies have shown that extracellular matrix degradation by MMPs, specifically MMP-2 and MMP-9, is involved in the pathogenesis of a wide spectrum of cardiovascular disorders (9, (12) (13) (14) (15) 25) . In order to investigate the involvement of these MMPs in Chagas disease, we measured the levels of MMP-2 and MMP-9 in sera from patients with Chagas disease and noninfected individuals by Milliplex assay and zymography. Milliplex is based on immunoreactivity and may also measure the MMPtissue inhibitor of metalloproteinase (TIMP) complex (indistinguishable from free MMP) and degradation products. On the other hand, zymography visualizes only enzyme forms, not the MMP-TIMP complex, and this type of analysis might give the false impression that the samples contain activity (16, 26) . The results of the Milliplex assay showed that patients from the CARD group presented higher levels of MMP-2 in serum than the IND (P ϭ 0.006) and NI (P ϭ 0.002) groups (Fig. 1A) . The serum MMP-9 levels from the CARD group were also higher than those from the NI group (P ϭ 0.04) (Fig. 1A) . Aiming to compare the MMP-9 and MMP-2 levels, we calculated the relative index, considering the MMP-9/MMP-2 ratio. Although the serum MMP-9 levels were higher than those of MMP-2, the MMP-9/MMP-2 ratio did not show any significant differences between the groups (Fig. 1A) .
Gelatin zymography was carried out on sera from the same patients in order to confirm the above-described results. MMP-2 levels were undetectable in serum samples from NI individuals, and no statistical difference was observed between the IND and CARD groups (Fig. 1B) . The results still showed that MMP-9 levels were higher in serum samples from the CARD group than in those from the IND group (P ϭ 0.003). Moreover, MMP-9 levels were lower in serum samples from the IND group than in those from NI individuals (P ϭ 0.002) (Fig. 1B) . The MMP-9/MMP-2 level ratios were similar between the IND and CARD groups (Fig.  1B) . A correlation analysis between the Milliplex and zymography data was done, but significant correlations were not found (data not shown).
CD8 ؉ T cells are the main mononuclear leukocyte source of MMP-2 and MMP-9 molecules. The increased levels of MMP-9 in serum samples from CARD patients suggested a role of this MMP in the pathogenesis of cardiomyopathy. Some previous studies showed that monocytes/macrophages and lymphocytes are able to secrete MMPs (27, 28) . Considering that monocytes/ macrophages and lymphocytes are important during T. cruzi infection and play a major role in driving distinct patterns of the immune response in the IND and CARD groups (29, 30) , we investigated the frequencies and cellular sources of MMP-2-and MMP-9-producing cells within the mononuclear leukocyte population. Our findings demonstrated that both CD4 ϩ and CD8 ϩ T cells from IND and CARD patients showed higher intracellular expression of MMP-2 than CD4 ϩ and CD8 ϩ T cells from NI individuals (P Ͻ 0.005) (Fig. 2A) . On the other hand, only the CARD group showed a percentage of CD4 ϩ and CD8 ϩ T cells coexpressing MMP-9 higher than that of the NI group (P Ͻ 0.005) (Fig. 2B) . However, no difference was observed in the MMP-2 or MMP-9 expression by monocytes (CD14 ϩ cells) in all groups ( Fig.  2A and B) .
In order to identify the most relevant source of MMP-2 and MMP-9 within the mononuclear cell subsets, additional analysis was carried out to provide evidence regarding the number of MMP-2 ϩ and MMP-9 ϩ mononuclear cells (Fig. 3) . Our results showed that, in all groups, CD8 ϩ T cells are the main cell source for MMP-2 production among the cells evaluated (Fig. 3A) . Furthermore, in patients with Chagas disease, the majority of MMP-9 production was also derived from CD8 ϩ T cells (Fig. 3B) . Sera from patients with Chagas disease induced an increase in the extracellular matrix components in cardiac spheroids. We performed three-dimensional cardiomyocyte culture experiments to test whether the sera from patients with Chagas disease are capable of inducing the expression of extracellular matrix proteins by cardiomyocytes. Our results showed a higher expression of collagen type I when spheroids were incubated in contact with sera from the IND and CARD groups than with sera from the NI group (P ϭ 0.003 and P ϭ 0.001, respectively) (Fig. 4) . The fibronectin and MMP-2 expression levels were higher in spheroids stimulated with sera from the IND group than in those stimulated with sera from the NI group (P ϭ 0.01 and P ϭ 0.03, respectively) (Fig. 4) . On the other hand, laminin and MMP-9 expression levels were not different between the groups. However, we observed a tendency toward higher expression of MMP-9 in spheroids in contact with sera from CARD patients (Fig. 4) .
MMP-2 and MMP-9 are correlated with the cardiac spheroid remodeling induced by sera of patients with Chagas disease. The MMPs are involved in the remodeling of cardiac tissue by degrading ECM molecules (7, 31) . In order to confirm if the presence of MMPs correlates with ECM proteins and a possible role of these molecules in the cardiac remodeling of Chagas disease, we performed a correlative analysis. A significant negative correlation was seen between MMP-2 expression and laminin expression in all groups (Fig. 5A ). However, a significant positive correlation was observed between MMP-9 expression and laminin expression in the IND group (Fig. 5A) . Regarding fibronectin, a significant negative correlation was seen between MMP-2 expression and fibronectin expression in the IND and CARD groups (Fig. 5A) . However, a significant positive correlation was observed between MMP-9 expression and fibronectin expression in the CARD group (Fig. 5A ). There was no significant correlation between MMPs and collagen expression in the studied groups (data not shown).
MMP-9 seems to be involved with the inflammation and cardiac remodeling of Chagas disease, whereas MMP-2 does not correlate with inflammatory molecules. Our next step was to analyze the correlation between serum TNF-␣ and IL-1␤ levels and MMP levels measured by zymography, since TNF-␣ and IL-1␤ are the main cytokines involved in MMP activation (10, 32, 33) . A significant negative correlation was seen between MMP-2 levels and serum IL-1␤ levels in the IND group (Fig. 5B) . However, a positive correlation was observed between MMP-2 levels and serum IL-1␤ levels in the CARD group (Fig. 5B) . A negative correlation was seen between MMP-9 levels and serum IL-1␤ levels in the IND group (Fig. 5B) . On the other hand, a significant positive correlation was observed between MMP-9 levels and serum IL-1␤ levels in the CARD group (Fig. 5B) . Regarding TNF-␣ levels, a significant negative correlation was seen between MMP-2 levels and TNF-␣ levels in the IND group (Fig. 5B) . However, no significant correlation was observed either between MMP-2 levels and TNF-␣ levels in the CARD group (Fig. 5B) or between MMP-9 levels and TNF-␣ levels in both the IND and CARD groups (Fig. 5B) .
Overall, our results suggest that MMP-2 and MMP-9, as well as IL-1␤ and TNF-␣, may be differentially involved in cardiac remodeling in the IND and CARD groups.
DISCUSSION
Chronic Chagas disease has a great variety of clinical presentations even within patients with the cardiac form. Although the classification of the cardiac form into stages helps to distinguish patients with worse prognosis (34) , sudden death and other major clinical events still occur among patients in the initial stages of Chagas heart disease. Therefore, one of the most important goals of studying physiopathological mechanisms in Chagas disease is the identification of potential risk factors for the occurrence of major clinical events (sudden death, heart failure, malignant arrhythmias, and stroke) or disease progression among patients still in the indeterminate form or in initial stages of the cardiac form (5, 6) . Chagas heart disease is characterized by an intense and progressive fibrotic process (4) , and the study of biomarkers involved in the establishment and development of fibrosis is essential to identify such potential risk factors (35) .
In this study, we characterized for the first time the serum levels of MMP-2 and -9, their potential proteolytic activity, as well as their main sources within mononuclear cells in human Chagas disease. Although there are no reports about the putative role of MMPs in human Chagas disease, the involvement of MMPs in other cardiac diseases, particularly in the cardiac matrix remodeling that occurs in heart failure and after acute myocardial infarction, has been widely studied (12-14, 36, 37, 38, 48) .
Our results showed that patients with Chagas heart disease complicated by heart failure present higher serum levels of MMP-9 (Fig. 1) . Moreover, experimental studies pointed out that MMP serum levels may be associated with cardiovascular complications of hypertension (49). Polyakova et al. (14) showed that elevated expression of MMP-2 and MMP-9 is associated with collagen maturation in heart failure, demonstrating an important role of these enzymes in fibrosis through collagen configuration, activation, and deposition. In experimental models of Chagas disease, high MMP-2 and -9 proteolytic activity had already been described, which suggested an important role for MMPs in T. cruzi-induced acute myocarditis (17) . Here, we showed elevated levels of these enzymes in chronic Chagas disease. Furthermore, the ratio analysis showed that MMP-9 levels were higher than those of MMP-2 (Fig. 1A) , which is corroborated by others (12) who reported that MMP-2 is produced at lower levels than MMP-9 by several cell types.
Our group previously showed the essential role of immune cells, such as monocytes (39) and lymphocytes (18, 40) , in Chagas disease pathogenesis. In the present study, we observed that CD4 ϩ and CD8
ϩ T lymphocytes and CD14 ϩ monocytes are able to produce MMP-2 and MMP-9 ( Fig. 2) , in agreement with published data (16, 26, 41) . Moreover, MMP-9 production was higher in CD8 ϩ T lymphocytes from the CARD group. Furthermore, the analysis of mononuclear cell contributions to MMP-2 and MMP-9 production showed that CD8 ϩ T lymphocytes were the major mononuclear cell contributors to MMP-2 production in all groups (Fig. 3A) and were also highlighted as cellular contributors to MMP-9 production in patients with Chagas disease (Fig. 3B) . The participation of MMPs in immune cell migration has been demonstrated (17) , and their production by lymphocytes could be justified, especially because CD8 ϩ T lymphocytes are the main inflammatory-cell source in the heart during Chagas disease (42) . Other immune cells, such as neutrophils (16) , and many different cell types, including cardiomyocytes, fibroblasts, and endothelial cells (16, 27) , are able to produce and secrete MMP-2 and MMP-9. All of them are found in a myocarditis scenario and are able to contribute to the serum MMP-2 and MMP-9 levels measured in this study and, more importantly, to the MMP-2 and MMP-9 active in the myocardia of patients with Chagas disease.
In this study, we used the 3D cardiomyocyte culture system, which is a new strategy for the study of Chagas disease pathogenesis that shows great similarity to the in vivo studies (22) , in order to verify the impact of sera from patients with Chagas disease on cardiac spheroids. The sera from the IND and CARD groups induced overexpression of matrix proteins (Fig. 4) , suggesting the existence of different soluble factors that could be able to influence matrix protein expression, since sera from the IND group induced fibronectin and MMP-2 expression whereas sera from the CARD group showed a tendency to induce MMP-9 expression. All matrix proteins are essential for the maintenance of ECM architecture, and their abnormal expression may contribute to pathological processes. The digestion process of matrix proteins by MMPs does not necessarily reduce the quantity of these proteins; on the contrary, it may release growth factors and other molecules capable of inducing the synthesis of additional matrix proteins, increasing the proteins' deposition on the ECM (12) . The correlation analysis showed that while MMP-2 had a negative correlation with fibronectin and laminin, MMP-9 showed a positive correlation with both proteins (Fig. 5A) . These results led us to hypothesize that MMP-9 may act on the inflammatory process whereas MMP-2 would have an anti-inflammatory effect. MMP-2 has been localized to the nuclei of cardiac cells, where the protein would play a protective role by avoiding apoptosis (31) . Furthermore, increased MMP-9 and decreased MMP-2 were associated with left ventricular hypertrophy in patients with hypertension (43) . In an experimental arthritis model, MMP-2 and MMP-9 had opposite roles in the progression of arthritis. While MMP-2 had a suppressive role, MMP-9 was associated with the development of inflammatory joint disease (44) .
Our data also showed a negative correlation between MMP-2 and the IL-1␤ and TNF-␣ cytokines, while MMP-9 showed a positive correlation with these inflammatory cytokines in patients with chronic Chagas disease (Fig. 5B) . T. cruzi-infected cardiomyocytes elicit a strong immune response, characterized by the production of IL-1␤ and TNF-␣, which is associated with the hypertrophic effect in these cells (45) . Moreover, MMP-9 can cleave and activate these cytokines and thus intensify the process of cardiac remodeling (8, 45, 46) . Heart failure is characterized by activation of different cytokines and enzymes, including MMPs, which have been implicated in the left ventricular remodeling common to different heart failure etiologies (38, 47, 48) . Thus, the increased MMP values described by us could be a consequence of the heart failure per se and not a specific change secondary to Chagas disease. However, we also found changes in MMP expression in the group of patients with the indeterminate form versus controls. These patients do not have heart dilation or failure that favors the hypothesis of a specific change in MMP expression contributing to Chagas disease physiopathology. Overall, the results of the present study indicate that there is differential involvement of MMP-2 and MMP-9 in Chagas disease pathogenesis. We hypothesize that whenever there is a predominance of MMP-9 levels, the cardiac remodeling is intensified and favors the development of the cardiac form of Chagas disease. Conversely, when the MMP-2 levels predominate, the cardiac remodeling is less intense and the patient remains in the indeterminate phase of Chagas disease. Those processes may be IL-1␤ and TNF-␣ dependent. These data are innovative and represent an advance in the knowledge of the mechanisms involved in the establishment/maintenance of Chagas heart disease pathology.
